Odors produced from biosolids have become an increasing problem and are often cited as a significant concern by many wastewater treatment plant operations. Public sensitivity to the beneficial reuse of malodorous biosolids has grown substantially and the pressure to produce a material with low odor potential has increased correspondingly. Recent research has shown that the generation of malodorous compounds -principally reduced sulfur compounds -in anaerobically digested, high-solids centrifuge dewatered biosolids is pronounced following storage under anaerobic conditions. Bench studies have shown that with further storage, these compounds are metabolized by methanogens (strict anaerobes) and odors are attenuated; however, prior to the present research, no full-scale studies have been performed to confirm the practical significance of this finding. The practice of storing biosolids under conditions designed for temperature moderation, maintenance of anaerobic conditions and minimal interaction with the environment is characterized as a static, non-aerated curing process. The goal of this study undertaken by the Philadelphia Water Department (PWD) was to carefully store and monitor dewatered centrifuge cake in a large pile under controlled static, non-aerated curing conditions. To fulfill this goal, a 500 ton pile designed to promote static, non-aerated curing was constructed outdoors in January of 2005 and stored for 6 months prior to land application. The results from this study demonstrated that the bench-scale studies replicated field-scale odor generation profiles from static, non-aerated curing piles. Long term storage, with appropriate monitoring, appears to be a viable method to reduce odors prior to land application of biosolids.
INTRODUCTION
Research has shown that productions of volatile organic sulfur compounds (VOSCs) from biosolids are generally considered one of the principal causes of nuisance odors which are a concern for biosolids (Higgins et al., 2002 , Forbes et al., 2004 . VOSCs produced by biosolids are generally hydrogen sulfide (H 2 S), methyl mercaptan or methanethiol (MT), dimethyl sulfide (DMS), and dimethyl disulfide (DMDS). For example, Figure 1 shows a typical profile of MT and DMS M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . M a t e r i a l M a t t e r s , I n c . production during bench storage of digested and dewatered cake samples (from Higgins et al., 2003) .
Degradation of VOSCs and the Role of Methanogens
Research has shown that methanogenic bacteria can degrade (demethylate) MT, DMS, and DMDS to form H 2 S (Lomans et al., 1999) . In freshwater sediments a balance typically exists between the production of these VOSCs and their degradation resulting in little emission of these compounds unless the system is disturbed (Lomans et al., 2001) . A similar balance exists in anaerobically digested biosolids. MT, DMS, and DMDS are typically not emitted except under conditions that cause stress to methanogenic bacteria. For example when bromoethanesulfonic acid (BES) was added to dewatered biosolids cakes to inhibit the methanogenic population the production of MT and DMS were greatly increased (Higgins et al, 2003; Chen et al., 2005) . The results demonstrated that methanogens play an important role in cycling of VOSCs.
Anaerobic digestion experience has taught us that methanogens can be stressed through chemical (i.e., pH, oxic conditions) or thermal means (rapid temperature change). Other research has shown that physical stress can disrupt methanogenic activity. For example, the physical shear imparted by high solids centrifuging reduces methane production and causes a substantial increase in VOSC production (Higgins et al., 2004) .
Bench Scale Relevance
These bench scale results clearly show that the methanogens can be stressed in a variety of ways but also exhibit recovery if allowed an extended period under static conditions. The conditions of bench storage were carefully selected in this prior work to reflect the predominant conditions expected in the interior of a large (high mass to surface area) biosolids storage pile, with little heat or mass transfer:
• Sealed in a gas-tight, septum-topped glass container so that there is no gas exchange with the surroundings, during storage or sampling • Stored at constant temperature, usually 25 o C., in the absence of light Based on the evidence that the odor potential of biosolids stored under controlled conditions would attenuate and stabilize with sufficient time, the Philadelphia Water Department (PWD) embarked on the present study.
OBJECTIVES
The goal of this study undertaken by the PWD was to carefully store and monitor dewatered centrifuge cake in a large pile under controlled static, non-aerated curing conditions in order to demonstrate that:
1. The observed bench scale phenomena could be duplicated at full scale; 2. Such controlled storage and curing afforded a practical means for attenuating odors prior to land application; and 3. Extended storage could be used to shift winter-time production from a period when agricultural fields are frozen and unavailable to periods suitable for land application. In addition, a fourth objective was added to seek a better understanding of anecdotal reports of biosolids odors being exacerbated during storage, due to weather or handling effects:
4. Identify failure mechanisms that have made large scale biosolids storage problematic in the past.
METHODS AND MATERIALS
The overall approach consisted of carefully constructing a large pile of PWD anaerobically digested, high solids centrifuge dewatered cake, during the winter, and periodically removing core samples for headspace analysis. Monitoring included perimeter surveys for odors emitted during storage, and field flux chamber measurements of the odor intensity of core samples. The study was concluded after six months of storage by conducting a head-to-head comparison of odors emitted during the land application of the static, non-aerated, cured biosolids from the storage pile and "asgenerated" biosolids, that is, biosolids cake dewatered within 24 hours prior to transport to the farm fields and spreading.
Overview of bench biosolids storage and analysis
Core samples were placed in insulated containers to minimize temperature drift, and transported to Bucknell University the same day that they were sampled. Cores were opened in a glove box under an inert atmosphere and aliquots for analysis were removed from the core interiors to obtain material that had been minimally disturbed. The procedure traditionally used for the previous bench studies was followed: 10 gram aliquots of cake solids were placed in 160 mL Wheaton serum bottles. The serum bottles were sealed using 20 mm Teflon faced butyl rubber septa, tear-off aluminum caps, and a crimping tool. All materials were purchased from Wheaton. The serum bottles were stored in the dark at 25 o C. for the duration of the analyses. The first measurement was taken after 24 hours to allow the headspace to equilibrate with the 10 gram aliquot.
Headspace VOSC Analysis
VOSCs were measured in the headspace of the serum bottles on a regular basis during storage. Headspace gas chromatography was performed using a Hewlett Packard 5890A Gas Chromatograph equipped with a flame ionization detector (FID). A Restek RT-Sulfur packed column measuring 2 m long with an inside diameter of 0.125 in is used specifically for low-level sulfur analysis. Both the injection port and detector temperatures were held at 200˚C. Zero nitrogen was used as the carrier gas at a flow-rate of 20 mL per minute. Zero air and zero hydrogen were supplied to the FID at flow rates of 450 mL/min and 20 mL/min respectively. All gases were purchased from Airgas Inc.
The duration of each sample run was 8.3 minutes. During the run, initially, the oven temperature is held at 140˚C, and then ramped to 230˚C at a rate of 15˚C per minute. This temperature is then maintained for 2.3 minutes, completing the run. Headspace samples were taken from the reactor vessels using a Hamilton 1 mL gas-tight locking syringe. One mL of headspace was manually injected into the gas chromatograph for VOSC analysis. Volatile sulfur compounds were identified and quantified by comparing the experimental chromatograms to those of pure standards. Methanethiol, dimethyl sulfide, and dimethyl disulfide pure compounds were obtained from the Sigma-Aldrich Co. The pure standards were made by injecting calculated amounts of VOSCs into a 1-liter Tedlar bag filled with nitrogen gas. The resulting concentration for each VOSC was 500 ppmv. Nitrogen gas was used in order to prohibit the VOSCs from reacting with oxygen. The 500-ppmv standards were made in replicate and duplicate runs were made for each replicate. One serial dilution was made for each replicate and duplicate runs of the resulting 250 ppmv standard were run also.
Curing Pile Construction
To achieve a high mass to surface area for the curing pile, the pile perimeter was established by constructing an 8 foot high rectangular retaining berm using Class A, unscreened compost (produced from PWD biosolids, on-site). It was originally planned to use a lower profile berm, but the slumping characteristics of the biosolids (in spite of the relatively high percent solids achieved by the high solids centrifuges employed by the PWD) are such that a berm height equivalent to the desired height of the biosolids pile was deemed appropriate.
The berm dimensions were 40 feet x 60 feet. Approximately 500 tons of biosolids were added over a 2-shift period to create a pile averaging 7 feet deep. Original plans called for capping the pile with a 1-2 foot blanket of compost, for insulation and to act as a biofilter to control odor emissions from the curing biosolids. This proved impractical with the Front-End loader equipment available, and the pile remained uncapped for almost two months. The pile surface froze to a depth of several inches and remained frozen for several weeks. On March 15, straw was blown on top of the pile using a "tailgate" mulcher to form an insulating blanket 1 -2 feet thick, then the pile was tarped to prevent rainwater intrusion. The pile remained in this state until harvested for the land application trial, on July 14, 2005. 
Pile Coring
Core samples were collected by randomly selecting a location on the pile and boring down with a 3" SS soil auger to the desired depth, typically in the 0-2 foot range for a surface sample, and in the 4-6 foot range for a pile interior sample. For safety, snow shoes were worn by the technician to avoid becoming "mired in the muck". When the desired depth was reached a 3" diameter SS soil recovery auger with a 3" diameter x 10" long butyrate liner was used to recover undisturbed biosolids. The liners were removed from the soil recovery auger, quickly end-capped, and placed in an insulated container to maintain temperature. As soon as the cores for a particular day's sampling event were obtained (usually a pair of cores) they were transported to Bucknell University, approximately a 3 hour drive. Augers used in the coring process were acquired from Forestry Suppliers, Inc.
Odor Monitoring -Field Olfactometry and Flux Chamber
Field olfactometry measurements were made using a Nasal Ranger (St. Croix Sensory, Inc.) and an experienced technician with an olfactory sensitivity considerably above the mean of the general population. Using a "keen nose" was done for two reasons:
• All evaluations were done "head-to-head" with "as-generated" biosolids. By using a keen nose, differences would be amplified. A substantial body of experience has been built for "asgenerated" biosolids, through the many years of PWD's land application program, which involves tens of thousands of tons per year.
• Absolute Dilution-to-Threshold (D/T) values gathered during the land application trial were biased to the conservative side when determining whether "low odor" was acceptably low. The standard of acceptability arbitrarily set for the study was a D/T of < 5 at the perimeter of the farmland involved in land application.
A custom static flux chamber was designed for the study, with the goal of developing a practical and reproducible, at least semi-quantitative measure of the odor potential of a biosolids source that would be a useful predictor of odors released during land application.
The flux chamber consisted of a 20-gallon open-end drum with a circulating fan. The following methodology, which successfully met our goal, was developed during the study:
• A virgin polyethylene sheet was placed on the ground nearby but up wind of the biosolids source to be measured, and the flux chamber was inverted over the top of the sheet. The circulating fan, which was attached to the closed end of the drum, was operated for 10 minutes then a background D/T measurement made. The measurement was made using the Nasal Ranger pressed against an air-tight, gasketed port in the top of the drum.
• Approximately 300g. biosolids were then extracted from a pile core sample using a putty knife and quickly spread over a 5" x 5" x ¾" deep plastic grid to fill the grid cells. Using the grid ensured that a comparable amount of biosolids were used each time to create the same biosolidsair interface area for each sample.
• The grid was placed on the plastic sheet under the drum and the fan was operated for 10 minutes then a D/T measurement was made. • To prepare the chamber for the next sample, the interior was washed with a dilute bleach solution, and then rinsed with water. Following air drying, the drum was placed over a fresh polyethylene sheet and a background measurement made.
Fecal Coliform Testing
Fecal Coliform sampling was conducted by taking grab samples using a fresh latex glove for each grab and pre-sterilized "whirlpack" sample bags. Samples were immediately water ice chilled to < 4 o C. and delivered the same day to an outside laboratory so that analyses could be run within 24 hours. Samples were analyzed using SM 9222-D (membrane filtration). In the case of the January 31 sampling event, 3 grabs were taken from a centrally located pile core location at mid-level depths. The value reported in Figure 8 is the geometric mean of the 3 analyses. In the case of the July 14 sampling event, grab samples were randomly taken from the front-end loader bucket as trucks were being loaded to transport biosolids to the land application site. Four grab samples were taken in this manner for the as-generated biosolids and 4 grabs were taken of the static cured material. In both cases the value reported is the geometric mean of the 4 samples.
RESULTS AND DISCUSSION

Temperature Monitoring
Four HOBO temperature data loggers were placed within the curing pile during construction. Two of these recorders were recovered when the pile was harvested for the land application trial, HOBO #3 and #4. The loggers were programmed to make temperature measurements every hour-and-onehalf, and ran out of memory in mid-May. Results are plotted in Figure 2 along with a 5-day running average of daily mean temperatures in the Philadelphia area, and measurements taken with a longstem dial thermometer on core sampling event days at a depth of 16".
Logger #4 was placed in the center of the pile and reflects the likely temperature profile experienced by the much of the curing biosolids. Logger #3 was placed at the bottom of the pile and reflects the boundary condition for the biosolids in contact with the ground, while the measurements taken at 16" depth likely reflect the temperature profile of biosolids near the surface. Not unexpectedly, logger #3 showed the least variation in temperature, holding nearly constant at typical subsurface temperatures for the area, 14 o C (57 o F), as would be expected for the selfinsulating properties of a large pile. Logger #4 readings dropped by 14 o C (25 o F) over a two month period as mean ambient temperatures were approached, and correlated well with the movement of the readings taken with the dial thermometer at 16" depth.
Unfortunately, the loggers ran out of memory during a period of significant change as reflected by the dial thermometer readings at 16" depth. During the May-June period 16" depth readings increased above mean ambient temperatures, reaching levels > 6 o C (10 o F) above ambient in late June. Since the pile was insulated with straw and tarped (with a blue tarp) this is not believed to be a surface heating effect. Temperature measurements of core samples taken during this period (not shown) confirmed that temperatures in the interior of the pile were greater than ambient as well. The most likely explanation for this anomaly in temperature is that the pile was heating itself with the heat released from exothermic reactions, i.e., which suggests "solid state" digestion was taking place during storage. See below for other evidence of this finding.
The presence of exothermic reaction gives rise to potential discrepancies between field conditions and laboratory storage at constant temperature conditions. Large, insulated piles with high mass-tosurface ratios would be expected to behave adiabatically, i.e., they would experience very little heat exchange with the surroundings. The buffered and delayed response of the loggers supports this. Therefore, the premise that isothermal storage is equivalent to adiabatic storage is only relevant in the absence of reaction. Having found evidence of reaction within the storage pile, caution must be exercised when interpreting the results of laboratory isothermal storage. 
Odor Monitoring
Odor monitoring consisted of flux chamber D/T measurements and qualitative odor perimeter surveys on pile core sampling event days, and headspace analysis of core samples.
Field Flux Chamber Measurements. Flux chamber odor measurement techniques were developed during the study. As the procedure developed the technique became a reliable tool to predict the performance of cured biosolids when land applied. The May 7 result (which was day 107 of storage) had a D/T of > 500, comparable to as-generated material, indicated that a considerable resurgence in odor had accompanied the autothermal, adiabatic heating of the pile, and the planned land application of the material was postponed.
The July 9 (day 170) flux chamber D/T measurements, which represented a fully developed methodology, indicated that the odors had attenuated and stabilized, as shown in Figure 3 . D/T measurements taken at 10 minutes after off-gassing had commenced in the flux chamber for cured biosolids were one-sixth of that measured for an as-generated control. On the basis of this encouraging finding, the land application trial was carried out. Head-to-head, downwind D/T measurements of full scale land application of cured versus as-generated biosolids demonstrated the cured biosolids to have one-eighth the odor intensity of as-generated biosolids -good agreement between the flux chamber and the field and showing the flux chamber technique to be a reliable predictor of land application odor potential. Qualitative perimeter surveys were made by the study team's experienced olfactometry technician. By using the same keen, "calibrated" nose for each survey, the results, although qualitative were more likely to be inter-comparable. Surveys during the first weeks revealed little odor emanation from the curing pile, as would be expected, since the surface was frozen to a depth of several inches. After the spring thaw, odors around the perimeter were more noticeable, but were still modest, as the biosolids had crusted over and formed an aerobic shell, thereby providing an odor abating layer. After the pile was covered with straw and tarped in mid-March odors around the perimeter were non-detect, suggesting that the straw and tarp were acting as a fully effective 
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biofilter and barrier respectively and demonstrating that this approach should be a fully effective means for a commercial pile curing operation to control the generation of on-site nuisance odors.
Analysis of Core Samples. Core samples taken from the pile were placed in headspace bottles, and after 24 hours of equilibration, the headspace was analyzed for volatile sulfur compounds. The concentration of VOSCs for the core samples taken after different storage times is shown in Figure  4 . During the first 30 days of storage, the core samples of the field stored biosolids followed the same trend as laboratory stored samples. The concentrations increased, reached a peak, and then began to decrease. However, the day 51 sample had a significant increase in the dimethyl sulfide concentration. This corresponded to approximately the lowest temperature measured in the static pile. Measurements on day 107 (May 7 th ) showed the DMS concentration remained high. This corresponded to the high DT measurements taken in the field which resulted in postponement of the land application. On day 161, the core samples produced very low VOSC concentration, and a few days later the olfactometry results confirmed the lower odors and the land application commenced. 
It is not clear what the cause of the increase in the core headspace concentrations around day 50. A shift in the temperature could have contributed to a change in microbial activity that resulted in greater VOSC and odor production. For example, the methane production rate from the core samples taken from the field pile showed that the methane production rate decreased during storage reached a minimum on day 50 and actually increased on the next sampling event on day 107, see Figure 5 . These results suggest a perturbation such as a temperature shift could change the microbial activities and thereby impact the odor production. It is interesting to look at the odor production potential for each core sample taken during the study. After equilibration for 24 hours to obtain a representative existing VOSC concentration in the sample, the cores were then incubated continuously at 25 °C and the headspace was analyzed daily. These headspace measurements showed the typical increase, peak, and then decline depicted in Figure 1 . The peak concentration could be thought of as the odor production potential of that sample. This peak concentration for each sample is shown in Figure 6 . The profile of this odor production potential is very similar to the typical pattern shown in Figure 1 . 
Perturbation Studies
Based on a resurgence in odor potential observed in the headspace analyses of core samples taken during the second month of curing, several types of "perturbations" were examined as part of a sidestudy. Perturbations or changes to the storage environment would be expected to disrupt the methanogen population, allowing the generation of VOSCs to overrun attenuation. Three perturbations were studied: Shear, found to be a significant variable in past studies; wetting with oxygenated rainwater (RO), based on anecdotal input from other facilities that have found indications of a significant increase in odor potential after rain events caused wetting of stored biosolids; and freeze-thaw, which previous bench studies had implicated as a significant disrupting influence. Results are shown in Figure 7 .
Shear was found to not have a significant effect. In an unexpected and somewhat anomalous result, wetting by RO appeared to have a mitigating effect on odor potential, reducing the peak total VOSC concentration of serum bottle, bench stored samples by a factor of 2, from 470 ppm for the control sample to 250 ppm for the wetted sample. Further inquiry into the effects of wetting is needed to understand observation of rain-event induced odor generation in the field.
Freeze-thaw increased the odor potential, as measured by peak VOSC concentration, from 470 ppm to 580 ppm for the freeze-thaw sample. Since the surface of the curing pile was frozen for several weeks in the late January-early February time frame, this finding suggests that the Spring thaw contributed at least in part to the observed increase in odor potential in the second month. 
Solid-State Digestion
During the core sampling events in the latter stages of pile curing, hissing sounds were noticed, indicating that gas generation was taking place and the coring process allowed the trapped gas to escape. This finding, coupled with the rise in pile temperatures to greater than 6 o C (10 o F) above mean ambient temperatures suggested that anaerobic digestion in the "solid state" was taking place -the temperature rise being associated with the release of heat from an exothermic reaction. This theory is supported by changes in composition noticed in nutrient analyses shown in Table 1 . January monthly average as-generated nutrient contents for PWD biosolids, typical of PWD biosolids, are shown for comparison. January was the month the curing pile was created. Total nitrogen and percent solids decreased slightly over the 6 month period of static, non-aerated curing, but the ammonia concentration increased by over a factor of 3: Ammonia represented 12% of as-generated biosolids nitrogen content, increasing to 50% of total nitrogen in the cured biosolids. 
Fecal Coliform Die-Off in Storage
Fecal Coliform regrowth has been reported for several facilities which use anaerobic digestion and high solids centrifuging to produce their biosolids. Fecal coliform analyses were conducted two weeks into and at the end of the static, non-aerated curing period to check for this phenomenon. Samples of asgenerated biosolids were collected on July 14, 2005 -the day the pile was harvested and land applied, for comparison purposes. Results are shown in Figure 8 . The as-generated results, with a geometric mean of 1,395,000 CFU/g are typical of anaerobically digested, Class B biosolids. There was no evidence of regrowth during the first two weeks of storage -the fecal coliform values were slightly reduced versus asgenerated biosolids, and still in the typical Class B range. In contrast, the results for July 14, 2005 (Day 176 of curing) were all non-detect, with highest value at < 180 CFU/g, well below the standard for pathogen reduction for Class A biosolids. These results further support the theory that anaerobic digestion is continuing in the solid state. The reduction in Fecal Coliform to Class A levels is likely the result of extended exposure to high free ammonia concentrations. Other research has shown that free ammonia has a time and temperature dependent pathogenocidal effect and that the free ammoniaammonium ion equilibrium shifts towards free ammonia at elevated temperatures (Reimers et al., 2002) . We theorize that the high pile temperatures during late spring and early summer in conjunction with the high ammonia levels resulted in the Fecal Coliform die-off. 
Land Application Trial
On July 14, 2005 a head-to-head comparison of the land application of two types of PWD biosolids was conducted at the Laurel Locks farm in Chester County, Pennsylvania. One type was typical, as-generated biosolids -the control. The other type was biosolids from the pile that had been stored at the BRC for 6 months, January 19 to July 14, 2005 under controlled conditions that would encourage static, non-aerated curing and lead to a low odor, stable product.
The odor potential of the two biosolids types were quantified by using a field olfactometer to take Dilution-to-Threshold (D/T) measurements of each biosolids type during spreading. D/T measurements quantify the amount of dilution air that is required to reduce the concentration of malodorous compounds to the point where they are not detectable by the human nose. A Nasal Ranger® field olfactometer was used for this purpose. D/T measurements are presented in Table 2 . The as-generated material was characterized as having a strong fecal odor, while the cured material was characterized as having a strong ammonia odor. Identical atmospheric conditions and spreading geometry for the two biosolids types could not be practicably achieved. The best comparison was achieved 1 hour after spreading of each material commenced -wind speed, temperature and humidity were nearly identical. The D/T measurements were prejudiced against the cured material as the measurements were taken downwind of a band of biosolids 150 feet wide, compared with a band width for as-generated biosolids of only 75 feet. Even so, the D/T value for the cured biosolids was 1/8 th of that of the asgenerated biosolids, clearly indicating that the curing process had produced a biosolids with substantially reduced potential for nuisance odors. The absolute values of the D/T measurements for the cured material were 7 ≤ D/T ≤ 15 and 2 ≤ D/T ≤ 4, respectively at distances downwind of 30 and 100 feet. These low values and their rate of fall off clearly show that odors would not pose a nuisance and likely would be non-detectible at the 300 foot setback buffer distance required for occupied dwellings. 
SUMMARY
The results from this study demonstrated that the bench-scale studies generally replicated field-scale odor generation profiles from static, non-aerated curing piles, as long as the field curing conditions -specifically temperature -remained constant. Bench scale studies accurately predicted that freeze-thaw would exacerbate odors; however, they were not able to anticipate the difference between isothermal storage (bench scale) and essentially adiabatic storage (full scale, field). This was found to be an important distinction, as it was observed that pile curing temperature changed in spite of little heat exchange with the surroundings, due to the exothermic heat released from continuing reactions during curing. These reactions can be characterized as solid-state digestion, and resulted in a significant increase in the ammonia concentration of the curing biosolids, and a reduction in organic nitrogen. As predicted by past bench studies, continued storage under more steady-state conditions re-attenuated and stabilized odors, so that after 6 months, odors were reduced by roughly an order-of-magnitude versus freshly dewatered biosolids, as measured by field olfactometry during a head-to-head land application trial. Field olfactometry measurements using a flux chamber were found to accurately predict the odor emitting potential of biosolids during land application.
Controlled, long term storage, with appropriate monitoring, appears to be a viable method to reduce odors prior to land application of biosolids, as well as reduce fecal coliform densities to Class A limits.
